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NKX2.1 is a homeodomain transcriptional factor expressed in thyroid, lung, and parts of the brain. We demonstrate that
septation of the anterior foregut along the dorsoventral axis, into distinct tracheal and esophageal structures, is blocked in
mouse embryos carrying a homozygous targeted disruption of the Nkx2.1 locus. This is consistent with the loss of Nkx2.1
xpression, which defines the dorsoventral boundary within the anterior foregut in wild-type E9 embryos. Failure in
eptation between the trachea and the esophagus in Nkx2.1(2/2) mice leads to the formation of a common lumen that
connects the pharynx to the stomach, serving both as trachea and as esophagus, similar in phenotype to a human pathologic
condition termed tracheoesophageal fistula. The main-stem bronchi bifurcate from this common structure and connect to
profoundly hypoplastic lungs. The mutant lungs fail to undergo normal branching embryogenesis, consist of highly dilated
sacs that are not capable of sustaining normal gas exchange functions, and lead to immediate postnatal death. In situ
hybridization suggests reduced Bmp-4 expression in the mutant lung epithelium, providing a possible mechanistic clue for
impaired branching. Functional deletion of Nkx2.1 blocks pulmonary-specific epithelial cell differentiation marked by the
absence of pulmonary surfactant protein gene expression. Altered expression of temporally regulated genes such as Vegf
demonstrates that the lung in Nkx2.1(2/2) mutant embryos is arrested at early pseudoglandular (E11–E15) stage. These
results demonstrate a critical role for Nkx2.1 in morphogenesis of the anterior foregut and the lung as well as in
differentiation of pulmonary epithelial cells. © 1999 Academic Pressm
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Both the esophagus and the trachea originate from the
definitive gut endoderm, which emerges at gastrulation from
the cells within the early node and the primitive streak
(Beddington, 1981; Lawson and Pederson, 1992). In mice, on
embryonic day 9 (E9.0) (Theiler, 1972) a precise morphoge-
netic event divides the anterior foregut into dorsal and ventral
compartments. The lung primordium emerges from the ven-
tral wall of the anterior foregut as the laryngotracheal diver-
ticulum (Ten Have-Opbroek, 1981). The dorsal wall of the
anterior foregut serves as progenitor of the esophagus, which
develops between the tracheal diverticulum and the stomach.
As development proceeds, the tracheal and the esophageal
primordia are separated into distinct compartments, each
with its own lumen. At the distal end of the tracheal primor-
dium the lung buds, which consist uniformly of columnar
epithelial cells, begin to invade the surrounding splanchnic
c
a
60esenchyme by undergoing repetitive branching termed
ranching morphogenesis (Ten Have-Opbroek, 1981). This
rocess establishes the initial patterning of the lung and gives
ise to the formation of the conducting and respiratory com-
onents of the pulmonary system. By convention, branching
orphogenesis occurs during a period of lung development
ermed the pseudoglandular stage (E10 to E15) and is strictly
ependent on cell–cell interactions between the endoder-
ally derived epithelial cells and the splanchnic mesenchyme
for a review see Minoo and King, 1994; Cardoso, 1995). The
ubsequent periods, termed canalicular, terminal sac, and
lveolar stages of lung development, are accompanied by
urther refinement of the pulmonary branched structure and
he appearance of cuboidal epithelial cells which serve as
rogenitors for differentiation of highly specialized epithelial
ell types such as alveolar type II, alveolar type I, and Clara
ells. Differentiation of alveolar type II and Clara cells is
ccompanied by activation of genes encoding the pulmonary
0012-1606/99 $30.00
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61Tracheoesophageal and Lung Morphogenesis in Mousesurfactant proteins SP-A, SP-B, and SP-D and the Clara cell
secretory protein CC-10. Another surfactant protein gene,
Sp-C, is expressed at the onset of lung development preceding
the appearance of overt epithelial differentiation but later
becomes restricted to the alveolar type II cells (Glasser et al.,
1990; Khoor et al., 1994).
Precise patterning of the anterior foregut into distinct
tracheal and esophageal compartments requires a cascade of
morphogenetic events which eventually result in the for-
mation of the respiratory and the gastrointestinal organs.
Failure of this process in humans, although not necessarily
accompanied by an abnormal lung phenotype, results in an
array of anatomical defects collectively referred to as tra-
cheoesophageal fistula (TEF) (Sweeney, 1998). All such
defects require surgical intervention with significant mor-
bidity and mortality. The underlying mechanisms that
govern normal patterning and septation of the anterior
foregut into trachea and esophagus are entirely unknown.
A homeodomain transcriptional factor, NKX2.1, other-
wise known as TTF-1 or T/EBP (Guazzi et al., 1990; Mizuno
t al., 1991), is expressed in two of the many appendages
hich emerge from the gut endoderm (Lazzaro et al., 1991).
Expression of Nkx2.1 occurs at the onset of lung and
hyroid morphogenesis but is also detectable in select parts
f the brain (Lazzaro et al., 1991). In the lung, Nkx2.1 is
xpressed in all epithelial cells early in pulmonary morpho-
enesis, but becomes progressively restricted to alveolar
ype II and Clara cells. In vitro, NKX2.1 binds to and
activates transcription of lung-specific genes (Sawaya et al.,
1993; Bohinski et al., 1994; Bruno et al., 1995; Kelly et al.,
996). Suppression of Nkx2.1 by antisense oligonucleotides
n vitro abrogates normal branching morphogenesis, indi-
ating that lung development is dependent on the activity
f NKX2.1 (Minoo et al., 1995). Recently, targeted disrup-
ion of the Nkx2.1 locus was shown to result in immediate
ostnatal death, although the exact nature of the lung
henotype was not described (Kimura et al., 1996). Herein
we report the precise phenotype of the trachea and the lungs
in Nkx2.1(2/2) mutant embryos. These studies demon-
strate that expression of NKX2.1 occurs specifically in the
ventral compartment of the anterior foregut in E9.0 mouse
embryos. Disruption of Nkx2.1 results in the formation of
severely dysmorphic lungs, with discernible alterations in
Bmp-4 expression, whose protein product plays a critical
regulatory role in lung branching morphogenesis (Bellusci
et al., 1996). In addition, Nkx2.1(2/2) embryos exhibit a
developmental abnormality similar to that found in human
neonates with TEF. Thus NKX2.1 is the first homeodomain
transcriptional factor with a role in organization of the
anterior foregut and morphogenesis of the lung.
MATERIALS AND METHODS
Generation of Nkx2.1(2/2) Mutant MiceNkx2.1(2/2) mutant mice were produced by homologous re-
combination as described previously (Kimura et al., 1996). The
p
1
Copyright © 1999 by Academic Press. All rightwild-type Nkx2.1 locus was disrupted by inserting a neomycin-
resistance gene construct into the middle of the homeodomain
sequences, resulting in production of the nonfunctional NKX2.1
protein. Nkx2.1(2/2) mutant mice are stillborn while
Nkx2.1(1/2) heterozygotes appear to be normal and are fertile.
Genotyping of the Nkx2.1 allele in embryos was carried out by
Southern blotting using genomic DNA isolated from yolk sac, as
previously described (Kimura et al., 1996).
Immunohistochemistry
A polyclonal antibody was raised in rabbits against four peptide
fragments derived from the amino acid sequence of the human
Nkx2.1 cDNA clone. Three of these peptides, MSMSPKHTTP,
GPGWYGANPD, and MSELPPYQDT, had previously been shown
to be effective immunogens (Lazzaro et al., 1991). The fourth
peptide, QVKIWFQNHR, was derived from the homeodomain
region.
Specimens for light microscopy were fixed in Carnoy’s fixative
overnight at 4°C, dehydrated in a graded series of ethyl alcohol,
cleared in xylene, and embedded in paraffin. Serial 5-mm-thick
ections were cut in the sagittal and transverse planes and placed
n glass slides. In preparation for immunohistochemistry, slides
ere cleared in xylene and hydrated to water through a graded
eries of alcohols. Slides were then treated using the Histostain–
treptavidin Peroxidase kit following the protocol provided by the
endor (Zymed Laboratories, Irvine, CA). The optimal dilution for
he NKX2.1 antibody was determined to be 1:150. Normal rabbit
erum was used in place of the primary antibody in negative
ontrol slides. All negative control slides showed no immunostain.
Reverse Transcription-Polymerase Chain Reaction
(RT-PCR)
Extraction of RNA from wild-type and Nkx2.1(2/2) embryonic
lungs was performed by homogenizing the tissue (usually four
lungs in each case) in Trizol exactly according to the manufactur-
er’s specification (Gibco BRL). The final RNA pellet was collected
by centrifugation and redissolved in diethylpyrocarbonate-treated
water for reverse transcription and subsequent PCR. Complemen-
tary DNA was synthesized from approximately 2 mg of embryonic
lung RNA using procedures provided in a kit for RT-PCR (Perkin–
Elmer, Roche, NJ). The PCR oligonucleotide primers (59 primer; 39
primer, both in 59 to 39 direction) used in determination of gene
expression in wild-type and Nkx2.1(2/2) lungs were as follows:
SP-A, GGAGTCCTCAGCTTGCAAGGA, TTCACAAACAGC-
CAGCCGGTA; Sp-C, CATACTGAGATGGTCCTTGAG, GT-
GCTAGATATAGTACAGTGG; Cc-10, GCATTGCGTCTGATA-
ATCGACG, ATGTCCGAAGAAGCTGGAGTGC; Vegf,
GGACAAACAAATGCTTTCTCCG, TTACTGCTGTACCTC-
CACCATGCC; Hoxb5, TCACCGAAATAGACGAGGC,
AGGGTCTGGTAGCGAGTATAGG; Hoxb4, TGAGCACGGTA-
AACCCCAATTAC, GGTCTTTTTTCCACTTCATGCG; Hoxa4,
GCAGCAAGTCTTGGAACTGGAG, TTATATGGAGGAGG-
GAATGGGTG. The optimized PCR conditions were 13 buffer (60
mM Tris, pH 8.5, 15 mM ammonium sulfate, and 2 mM MgCl2), 1
mM dNTPs, 0.2 mM each primer, 2.5 units AmpliTaq DNA
olymerase per reaction. The PCR conditions were 94°C for 1 min,
or 1 cycle followed by 30 cycles of 94°C for 1 min, 58°C for 2 min,
2°C for 3 min, with a final extension cycle of 72°C for 7 min. The
roducts of these reactions were resolved by gel electrophoresis on
.5% agarose gels and stained with ethidium bromide. The RT-
s of reproduction in any form reserved.
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63Tracheoesophageal and Lung Morphogenesis in MousePCR products were cloned into the PCRII vector (Invitrogen) and
sequenced to confirm their identity.
In Situ Hybridization
Embryos were fixed in 4% paraformaldehyde between 2 and 4 h
at room temperature as described before (Piedboeuf et al., 1994).
ryostat sections were prepared and stored at 270°C. The con-
tructs, pShh and pBmp4, were generous gifts from Drs. Andrew
McMahon and Brigid Hogan, respectively. Complementary RNA
probes (cRNA) were generated by in vitro transcription of each
lasmid construct, using 0.35 mM digoxigenin-11–UTP (Boehr-
nger Mannheim, Indianapolis, IN) as specified by the manufac-
urer. These were incubated for 2 h at 37°C, stopped with 25 mM
EDTA, then precipitated out of ethanol in 500 mM LiCl and
resuspended in diethylpyrocarbonate-treated water with 400 U/ml
RNase inhibitor (Boehringer Mannheim). Hybridization methods
were as described previously (Piedbouef et al., 1994). Mouse em-
bryos were sectioned to 10 mm in thickness and hybridized over-
night at 50°C in 50% formamide, 0.3 M NaCl, 10 mM Tris–HCl
(pH 8.0), 1 mM EDTA, 13 Denhardt’s solution, 10% dextran
sulfate, 0.5 mg/ml yeast tRNA, and cRNA probe at 0.3 mg/ml/kb in
a moist chamber. Sections were washed in 53 SSC for 10 min, and
in 23 SSC for 30 min, both at 55°C, and treated with RNase A (20
g/ml) and RNase T1 (1 U/ml) for 30 min at 37°C. Detection of the
ybridized probes was performed with anti-digoxigenin antibody
onjugated to alkaline phosphatase as recommended by the sup-
lier (Boehringer Mannheim). Subsequently, the slides were pre-
ared for photography by mounting with Permount. Slides were
nalyzed using a Nikon Optiphot (Nikon USA, Melville, NY)
icroscope.
RESULTS
Tracheal and Esophageal Phenotype
in Nkx2.1(2/2) Embryos
The overall phenotypic characteristics of the
Nkx2.1(2/2) mutant mice have been previously reported
(Kimura et al., 1996). Briefly, the Nkx2.1(2/2) embryos are
similar in size to their wild-type and heterozygous siblings.
By inspection, no gross overall phenotypic differences were
discernible among the embryos at any point during fetal
development. The Nkx2.1(2/2) mutants died immediately
after birth from what appeared to be respiratory failure. In
the current study, detailed characterization of the mutant
embryos demonstrated that postnatal death is due to
marked malformation of the trachea, the esophagus, and
the lungs. Compared to the wild-type controls, the tracheal
FIG. 1. The phenotype of the lung, the esophagus, and the stom
harynx, the trachea, the esophagus, both right and left lungs, and
issue is on the left and the mutant tissue on the right. (A). Photog
T, double arrow) and esophageal (E, single arrow) tubes from Nk
resence of a single tube (TE, tracheoesophagus) connecting the
sophagus (E) to the stomach (S) in E18 Nkx2.1(2/2) embryos. (C) Cl
embryos. Please note the absence of normal branching. Scale bar repres
Copyright © 1999 by Academic Press. All rightortion of the Nkx2.1(2/2) lungs is markedly foreshortened
nd larger in diameter (Fig. 1). This structure consists of a
ingle tube which extends from the pharynx to the stomach
Fig. 1B). In humans this phenotype is similar to a relatively
are anatomical deformity known as “complete TEF”
Sweeney, 1998). At approximately three-fourths of the
ength of this tube from the pharynx the two primary
main-stem) bronchi emerge bilaterally, connecting two
arkedly hypoplastic lungs (Fig. 1C) to this shared lumen.
The more cranial portion of the common lumen shows
henotypic characteristics of both trachea and esophagus,
ncluding rings of cartilage (Fig. 2). However, the shape and
he number of tracheal cartilage rings is significantly re-
uced in Nkx2.1(2/2) embryos compared to wild-type
ontrols (Figs. 2A and 2B). Reduction in the number of
artilage rings could potentially arise by the foreshortened
henotype of the trachea, resulting in fusion of specific
artilage rings which in the wild-type animal provide sup-
ort for the trachea. Distal to the bifurcation of the main-
tem bronchi, the common tracheoesophageal lumen has
he morphologic appearance of normal esophagus with
haracteristic layers of smooth muscle rings (not shown).
ransverse 5-mm sections of E15 embryos show that com-
ared to the wild-type siblings, whose thoracic anatomy
ontains two distinct and separate lumens of trachea and
sophagus, Nkx2.1(2/2) embryos have a single lumen,
resumably composed of both tracheal and esophageal
omponents (Figs. 2C and 2D). Detailed examination of
erial sections revealed an otherwise normal oropharynx
ut gross tracheoesophageal defects. Therefore, absence of a
unctional Nkx2.1 leads to failure of septation between the
rachea and the esophagus.
Nkx2.1 Expression Marks the Ventral Boundary in
the Anterior Foregut
To determine the relationship between the expression of
Nkx2.1 and the dorsoventral patterning of the anterior
foregut, we examined the spatial pattern of NKX2.1 in
wild-type mouse embryos at E 9.5, the time of emergence of
the laryngotracheal diverticulum (respiratory primordium).
By immunohistochemistry, NKX2.1 protein was detectable
only in a select group of endodermal cells surrounding the
ventral wall of the anterior foregut (Fig. 3A). No NKX2.1
staining was detected in the endodermal cells surrounding
the dorsal wall of the anterior foregut, the site of emergence
of the esophagus. Upon separation from the trachea, the
in E18 Nkx2.1(2/2) embryos. The entire structure including the
tomach can be isolated en bloc from E18 embryos. The wild-type
showing the presence of fused (right) and separated (left) tracheal
(2/2) and wild-type siblings. (B). Photograph demonstrating the
ynx to severely dysplastic lungs (L) and then through a normalach
the s
raph
x2.1
pharose-up of the two severely dysplastic lungs in E18 Nkx2.1(2/2)
ents 1 mm in A and B and 0.5 mm in C.
s of reproduction in any form reserved.
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64 Minoo et al.endodermally derived lumen of the esophagus remains
FIG. 2. Five-micrometer sections through the head and the neck a
of the embryo, showing abnormalities in the number and composit
head and neck region of the wild-type and Nkx2.1(2/2) embryos,
ventral: Scale bar, 500 mm.devoid of NKX2.1 staining (Fig. 3B). Therefore, the expres-
sion pattern of NKX2.1 coincides with the dorsoventral
t
d
Copyright © 1999 by Academic Press. All rightoundary within the anterior foregut, clearly distinguishing
f E18 wild-type (A) and Nkx2.1(2/2) (B) embryos. Sagittal section
f the tracheal cartilages (arrows). (C and D) Transverse views of the
ctively. E, esophagus; TE, tracheoesophageal fistula; D, dorsal; V,rea o
ion ohe pulmonary primordium from that of the esophagus. As
evelopment continues, NKX2.1 can be followed as a cell-
s of reproduction in any form reserved.
ment. (B) NKX2.1 staining is confined to the trachea (t). Neither the
emerging esophagus (e) nor the splanchnic mesenchyme (sm) stains
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Copyright © 1999 by Academic Press. All rightlineage marker for pulmonary epithelial derivatives (Figs.
3B and 3C) although in adult lung its expression is confined
to distal alveolar and proximal bronchiolar epithelial cells
(not shown).
Inhibition of Branching Morphogenesis in
Nkx2.1(2/2) Lungs
In comparison to the wild type and/or their heterozygous
siblings, the lungs of Nkx2.1(2/2) embryos at each stage
are smaller in size by at least 50 to 60% wet weight and are
less cellular. As a consequence, the thoracic cavity in
Nkx2.1(2/2) embryos is only partially filled by the abnor-
mal lungs with the pleural space filled with fluid of un-
known origin. Interestingly, however, the volume of the
thoracic cavity as well as the position and morphologic
appearance of the diaphragm appear normal. The pheno-
typic impact of targeted disruption of the Nkx2.1 locus was
identifiable in embryos as early as E12, when the mutant
lungs failed to undergo normal branching morphogenesis
beyond the main-stem bronchi (not shown).
In E18 Nkx2.1(2/2) embryos, at the end of each main-
stem bronchus, the dysmorphic lungs consisted of translu-
cent semiamorphous cystic structures (Figs. 1C and 4C),
which contain morphologically normal mesenchyme and a
multilayered disorganized epithelial lining formed exclu-
sively of what appears to be columnar epithelial cells (Fig.
4D). Although scattered ciliated epithelial cells were ob-
served (Fig. 4D), we found no cells of cuboidal epithelial
phenotype nor did we find morphologic or biochemical
evidence (see below) for specific pulmonary cell differentia-
tion in the mutant lungs. Thus, it appears that lung mor-
phogenesis in Nkx2.1(2/2) embryos is arrested at the onset
of the pseudoglandular period of lung development, result-
ing in the absence of distal structures which normally
develop subsequent to extensive branching morphogenesis
and regional cellular specification. Explantation of lung
rudiments from E12 Nkx2.1(2/2) embryos in culture and
treatment with 20% fetal bovine serum did not improve
branching morphogenesis (data not shown), indicating that
the defect in morphogenesis could not be overcome by
addition of a cocktail of growth factors normally present in
serum.
Nkx2.1(2/2) Lungs Are Developmentally Arrested
Prior to E15
Preliminary magnetic resonance imaging of the mutant
embryos showed abnormal cardiopulmonary circulation,
indicating possible abnormalities in vasculogenesis (data
for NKX2.1. (C) NKX2.1 expression in E15 embryonic lung, whichFIG. 3. Immunohistochemical localization of the NKX2.1 protein
in mouse embryos. (A) Localization of NKX2.1 to the ventral (V)
compartment of the anterior foregut in E9.5 wild-type embryo. No
NKX2.1 immunostaining was observed in the dorsal (D) compart-serves as a cell-lineage marker for pulmonary epithelial derivatives.
Scale bar represents 100 mm in A and B and 200 mm in C.
s of reproduction in any form reserved.
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66 Minoo et al.not shown). To investigate the molecular defects that could
FIG. 4. Histology of transverse sections of isolated lungs from E1
kx2.1(2/2) lungs, respectively, fixed in 4% paraformaldehyde, em
ild-type and Nkx2.1(2/2) lungs fixed as in A and C, but embedd
lung, an airway composed of characteristic cuboidal epithelial cells
the mutant lung shown in D. Also, note the presence of ciliated col
bar represents 500 mm in A and C and 20 mm in B and D.explain the latter observation, we examined the expression
of mRNA for vascular endothelial growth factor (VEGF) in
d
b
Copyright © 1999 by Academic Press. All right18 mutant lungs. During normal embryogenesis, three
d-type and Nkx2.1(2/2) mouse embryos. (A and C) Wild-type and
ded in paraffin, and stained with hematoxylin and eosin. (B and D)
historesin (plastic) for 5-mm sectioning. In the wild-type, control
noted by the arrow (B). These cells and structures are absent from
ar epithelial cells (long arrows) in the Nkx2.1(2/2) lungs (D). Scale8 wil
bed
ed inistinct Vegf transcripts are expressed in the mouse em-
ryo. All three isoforms are thought to be derived from the
s of reproduction in any form reserved.
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67Tracheoesophageal and Lung Morphogenesis in Mousesame gene by differential splicing (Breier et al., 1992).
Expression pattern of Vegf mRNA isoforms during lung
morphogenesis has not been previously described. Using
RT-PCR, we detected Vegf2 transcripts throughout lung
development and in E18 Nkx2.1(2/2) lungs (data not
shown). A distinct set of oligonucleotide primers that could
identify Vegf3 and Vegf1 transcripts simultaneously was
esigned (Materials and Methods) (Fig. 5). RT-PCR assays
sing the latter primers demonstrated that in wild-type
ungs, Vegf RNA splicing is developmentally regulated (Fig.
, lanes 1–3). Whereas Vegf3 and Vegf1 transcripts are
etectable in wild-type E18 lungs, Nkx2.1(2/2) mutant E18
ungs contain Vegf1 transcripts only, a pattern characteris-
ic of wild-type E13 lungs. Thus, Nkx2.1(2/2) lungs appear
o be arrested at a developmental stage preceding E15.
Absence of Pulmonary Epithelial Differentiation in
Nkx2.1(2/2) Lungs
Unlike the esophagus, spatial and temporal expression of
many genes during lung development has been defined.
Using total RNA isolated from Nkx2.1(2/2), Nkx2.1(1/2),
and wild-type E18 embryonic lungs we determined the
presence or absence of transcripts for select pulmonary
differentiation-specific genes by reverse transcription/PCR
FIG. 5. RT-PCR analysis of Vegf transcripts during embryonic
ouse lung development and in E18 Nkx2.1(2/2) lungs. The top
hows the exon composition of mRNA for the three mouse VEGF
soforms (Shima et al., 1996). The positions of the oligonucleotide
rimers used in the PCR are also shown. The bottom presents the
garose gel, stained with ethidium bromide, used for analysis of
T-PCR. Expected sizes for Vegf1 and Vegf3 were 426 and 496 bp.
oth bands were eluted from the gel and their identities were
erified by DNA sequence determination.(Fig. 6). Of the epithelial-specific pulmonary surfactant
protein genes expressed during lung development, neither
Copyright © 1999 by Academic Press. All rightSp-C, whose expression occurs nearly at the onset of lung
morphogenesis, nor Sp-A (a so-called late gene), nor Cc-10
(encoding a Clara cell secretory protein) transcripts could be
detected in E18 Nkx2.1(2/2) lungs. However, using the
same approach we did detect transcripts for a number of
mesenchymal Hox genes. These include Hoxb5, Hoxb4,
and Hoxa4, all of which are normally expressed throughout
lung development.
Reduced Expression of Bmp-4 in Nkx2.1(2/2)
Lungs
Because of their distinct spatial and temporal expression
during lung development, we also examined the distribu-
tion of mRNA for the signaling protein, Sonic hedgehog
(SHH) and the TGF-b-related peptide growth factor BMP-4
by in situ hybridization. In addition, spatial distribution of
transcripts for ID2, a member of the basic helix-loop-helix
transcriptional regulator was also examined. Localization of
Id2 mRNA has not been previously reported in the lung.
The results demonstrate that both Id2 and Shh are ex-
pressed in E15 Nkx2.1(2/2) lungs. Similar to its distribu-
tion in E15 wild-type lungs, Shh mRNA was expressed in
the respiratory epithelium of Nkx2.1(2/2) mutant lungs
(Figs. 7A, 7B, and 7C). Id2 transcripts were localized to the
growing tip of the branching epithelium in both wild-type
and Nkx2.1 mutant lungs, although Id2 mRNA levels
appeared reduced in the mutant lungs (Figs. 7G, 7H, and 7I).
Similar to the pattern of Id2 mRNA distribution, Bmp-4
transcripts were expressed most intensely in the growing
tip of the branching epithelium in wild-type lungs (Figs. 7D
and 7E). In contrast, Bmp-4 expression in the Nkx2.1(2/2)
embryonic lung epithelium was nearly undetectable (Fig.
7F). Bmp-4 expression in the Nkx2.1(2/2) mutant lungs
was, however, detectable by RT-PCR at levels lower than in
wild-type lungs (data not shown).
FIG. 6. RT-PCR determination of candidate gene expression in
Nkx2.1(2/2) and wild-type lungs. Horizontal bars represent nor-
mal development pattern of gene expression in wild-type lung.
s of reproduction in any form reserved.
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68 Minoo et al.DISCUSSION
In previous in vitro studies using antisense oligonucleo-
ides, we demonstrated that Nkx2.1 is a critical regulator of
lung development (Minoo et al., 1995). In the current study
we show that homozygous functional deletion of the
Nkx2.1 locus (Kimura et al., 1996) results not only in
profoundly dysplastic lungs but also in a phenotype that
FIG. 7. Spatial localization of transcripts for Shh (A, B, and C), B
mbryonic lungs. The inset in B shows in situ hybridization with
emonstrating Shh expression in the floor plate of the embryonic
agittal sections. Scale bar represents 50 mm in A, D, and G; 25 mmresembles a condition diagnosed in human newborns as
TEF.
L
a
Copyright © 1999 by Academic Press. All rightAll Nkx2.1(2/2) embryos examined exhibited complete
EF, a condition characterized by a single lumen connect-
ng the oropharynx to the lungs and to the stomach (Figs. 1
nd 2). This common lumen is presumably formed by
ailure in septation between the trachea and the esophagus.
ecently homozygous disruption of Shh in the mouse was
lso shown to be accompanied by failure in septation
etween esophagus and trachea (Pepicelli et al., 1998).
(D, E, and F), and Id2 (G, H, and I) in wild-type and Nkx2.1(2/2)
same Shh probe as that used in A, B, and C (positive control) and
n (arrow). A represents a transverse section. All other images are
B, C, E, F, and H; and 30 mm in I.mp-4
theittle is known regarding the mechanism by which the
nterior foregut is divided into trachea and esophagus, but it
s of reproduction in any form reserved.
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69Tracheoesophageal and Lung Morphogenesis in Mouseis reasonable to speculate that the process must involve
lateral invagination of the anterior foregut wall followed by
fusion. In craniofacial development, fusion of palatal
shelves requires localized activity of TGF-b3 (Kaartinen et
l., 1995). However, the phenotype of Tgfb3(2/2) embryos,
hich develop cleft palates, does not include TEF (Kaarti-
en et al., 1995), suggesting that TEF in Nkx2.1(2/2)
mbryos may be independent of TGF-b3 activity. In
Nkx2.1(2/2) embryos, the anatomy of the TEF phenotype
also includes abnormal rings of tracheal cartilage (Fig. 2).
Since tracheal cartilage rings are derived from the splanch-
nic mesenchyme through interactions with the developing
lung epithelium (Sweeney, 1998), these observations sug-
gest that the absence of Nkx2.1 disrupts normal epithelial–
mesenchymal interactions. Thus, Nkx2.1 is the first ex-
ample of a homeodomain transcriptional factor whose
expression is required for normal epithelial–mesenchymal
interactions in pulmonary morphogenesis.
Spatial distribution of NKX2.1 in the anterior foregut of
wild-type E9.0 to E9.5 embryos coincides with the dorso-
ventral boundary along which the trachea (lung) and the
esophagus are formed (Fig. 3). The mechanism by which
Nkx2.1 is selectively activated in the ventral half of the
anterior foregut remains to be deciphered. In Drosophila,
examination of NK-2 gene expression in mutant embryos
with dorsoventral defects has shown that NK-2 is activated
by dorsal in the ventral half of the embryo during the
syncytial blastoderm stage of development (Mellerick and
Nirenberg, 1995). NK-2 expression is suppressed by snail,
singleminded, and decapentaplegic in dorsally derived tis-
sues. In mammals, the earliest detectable Nkx2.1 expres-
sion occurs in the medial neural plate of three-somite-stage
embryos in which this tissue is juxtaposed to the prechordal
plate (the dorsal foregut, where in E9.0 embryos Nkx2.1 is
silent; Fig. 3A). Removal of the prechordal plate up to the
three-somite stage suppressed, whereas transplantation of
anterior axial mesendoderm induced, ectopic Nkx2.1 ex-
pression in the medial neuroectoderm (Shimamura and
Rubenstein, 1997). Thus initial activation of Nkx2.1 gene
appears to be dependent on inductive signaling by the axial
mesendoderm. Removal of the prechordal plate after the
four-somite stage had no effect on Nkx2.1 expression. Our
preliminary studies indicate that Nkx2.1 gene consists of a
complex network of multiple cis-regulatory DNA ele-
ments, some of which are involved in autoregulation,
possibly as a mechanism in maintenance of Nkx2.1 gene
expression subsequent to initial activation (Li et al., unpub-
lished).
Functional deletion of the Nkx2.1 locus also results in
lung abnormalities with consequent respiratory insuffi-
ciency leading to postnatal death (Figs. 1 and 4). Since in
Nkx2.1(2/2) embryos a lung tissue, however dysplastic, is
nevertheless formed, absence of Nkx2.1 does not interfere
with specification of the lung primordium. Once specified,
subsequent morphogenesis of the lung primordium is
strictly dependent on a wild-type Nkx2.1 allele. For ex-
ample, with the exception of some ciliated cells, we ob-
Copyright © 1999 by Academic Press. All rightserved no morphological differentiation of various special-
ized epithelial cell types. In immortalized pulmonary
epithelial cells, NKX2.1 transactivates the promoters of
pulmonary-specific genes Sp-A, Sp-B, and Sp-C and the
Clara cell secretory protein gene Cc-10 (Bohinski et al.,
1994; Bruno et al., 1995; Kelly et al., 1996; Sawaya et al.,
1993). We found no detectable transcripts for Sp-A, Sp-C, or
Cc-10 genes in Nkx2.1(2/2) lungs (Fig. 6). The absence of
Sp-A and Cc-10 gene transcripts in Nkx2.1(2/2) lungs may
be explained by a developmental block that inhibits pro-
gression of respiratory epithelial cell differentiation in the
mutant lungs. In contrast, however, Sp-C is expressed at the
onset of lung development, well in advance of overt pheno-
typic differentiation of respiratory epithelial cells. Thus,
absence of Sp-C transcripts in Nkx2.1(2/2) lungs provides
the first in vivo evidence that NKX2.1 is indeed required for
Sp-C gene expression (Fig. 6).
We also compared the expression patterns of a number of
genes with demonstrated or implied role in lung develop-
ment in E18 Nkx2.1(2/2) mutant and wild-type lungs (Figs.
6 and 7). As shown previously (Bellusci et al., 1996) Bmp-4
expression was localized to the tip of the branching epithe-
lial structures during normal lung morphogenesis (Figs. 7D
and 7E). Using an Sp-C promoter/enhancer construct, Bel-
lusci et al. showed that ectopic, uniform expression of
Bmp-4 results in transgenic lungs that are smaller than wild
type, but also consist of grossly dilated sacs (Bellusci et al.,
1996), a phenotype reminiscent of Nkx2.1(2/2) lungs de-
scribed in the current report. In situ hybridization for
Bmp-4 revealed undetectable mRNA in Nkx2.1(2/2) lungs
(Fig. 7F). However, further analysis by RT-PCR showed that
Bmp-4 expression may be reduced rather than absent in
Nkx2.1(2/2) lungs. Reduced expression of Bmp-4 provides
a plausible mechanism for the characteristically dilated sac
phenotype in Nkx2.1(2/2) lungs. The expression of Bmp-4
at the tip of the growing lung epithelial rudiments may be
necessary for normal branching morphogenesis, perhaps by
localized inhibition of epithelial cell proliferation/
differentiation (Bellusci et al., 1996). In the absence, re-
duced, or uniform expression of Bmp-4, the epithelial lung
rudiment may undergo “cystic” development leading to the
formation of a sac-like, rather than a highly refined,
branched structure.
Spatial expression of Shh (Bellusci et al., 1997) and Id2
Sun et al., 1991; Biggs et al., 1992), an inhibitor of helix-
oop-helix transcription factors, was also examined in
kx2.1(2/2) lungs. These genes were found to be expressed
n a pattern similar to that found in the wild-type lung,
lthough Id2 expression appeared diminished in the
kx2.1(2/2) lungs (Fig. 7I). Nkx2.1 expression is detectable
n Shh(2/2) embryos, but lung morphogenesis occurs ab-
normally (Pepicelli et al., 1998). In Shh(2/2) lungs the
proximal structures of the lung, trachea, and main-stem
bronchi develop abnormally, but unlike the Nkx2.1(2/2)
phenotype, pulmonary distal structures characterized by
highly branched airways at the extreme distal tips are also
formed (Pepicelli et al., 1998). In support of the plausible
s of reproduction in any form reserved.
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the previous paragraph, Bmp-4 expression in Shh(2/2)
lungs is localized only to the highly branched structures at
the distal tip of the mutant lungs. A major distinction
between the roles of Shh and Nkx2.1 is illustrated by
expression of pulmonary differentiation-specific genes Sp-C
and Cc-10 in the Shh(2/2) lung epithelium and their total
absence in the Nkx2.1(2/2) lungs. The latter comparison
clearly demonstrates the requirement of NKX2.1 as a key
factor in differentiation of tissue-specific cell types and
expression of pulmonary-specific genes. Combined with the
current findings of normal Shh expression in Nkx2.1(2/2)
lungs, it appears that Shh and Nkx2.1 comprise indepen-
dent pathways, but the functional deletion of either gene
results in nearly similar abnormal tracheoesophageal phe-
notype. Examination of Id2 expression in the lung has been
so far confined to Northern blot analysis of its mRNA
during development (Biggs et al., 1992). The results of in
situ hybridization in Fig. 7 suggest spatial overlap between
the pattern of Id2 and Bmp-4 expression at the growing
(branching) tip of the lung bud. Since ID2 is thought to be an
inhibitory molecule, it is plausible that its role may be
similar to that of BMP-4 in controlling lung branching
morphogenesis. If so, diminished expression of Id2 in
Nkx2.1(2/2) lungs (Fig. 7I) may fail to compensate for the
nearly absent expression of Bmp-4.
What is the role of Nkx2.1 in development of the anterior
foregut, the trachea, and the lungs? The analysis of the
Nkx2.1(2/2) phenotype, although descriptive in nature,
nevertheless suggests that Nkx2.1 may function in the
establishment of pattern formation (Wolpert, 1989; David-
son, 1993) during embryonic development. This function
must be ultimately related to the ability of NKX2.1 to
activate and/or suppress specific downstream target genes.
As mentioned previously, one such category of target genes
in the lung consists of Sp-A, Sp-B, Sp-C, and Cc10 genes
(Bohinski et al., 1994; Bruno et al., 1995; Kelly et al., 1996;
Sawaya et al., 1993). However, these genes are not known to
have morphoregulatory function and therefore, another
class of Nkx2.1 target genes, whose encoded proteins regu-
late tissue morphogenesis, must exist. Furthermore, experi-
mental evidence shows that the splanchnic mesenchyme,
through epithelial–mesenchymal interactions, plays an in-
structive role in morphogenesis of the trachea and the lung
(Shannon, 1994). One possible function for Nkx2.1 may be
in activation of epithelial cell pathways that are necessary
for receiving and or interpreting the instructive signals
which originate from the mesenchyme. In this role, down-
stream target genes for Nkx2.1 would potentially include
those encoding cell-surface receptors, components of the
signal transduction pathways, and a myriad of other factors
connecting the cell surface to changes in gene expression
and cellular behavior. The future task is to identify the
nature of the downstream morphoregulatory target genes
through which Nkx2.1 acts to bring about normal morpho-
genesis.
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